Abstract. This study aims to present a comparison analysis of two data collection methods that can be used in order to obtain reference ground truth data for forestry -a conventional method that uses specific equipment such as Field Map system, caliper and vertex inclinometer and a modern method based on terrestrial laser scanning (TLS) technology. The research was conducted in six circular Permanent Plots (PPs) with an area of 500 square meters each, within thinning and selected cuttings stands of sessile oak (Quercus petraea (Matt.) Liebl.), common beech (Fagus sylvatica L.) and Norway spruce (Picea abies L. Karst.), all situated in the Southern Carpathians (Mihăești, Mușeteși and Vidraru Forest Districts). Using the conventional method, the dendrometric tree characteristics such as height, diameter at breast height (dbh) and tree position were directly recorded in the field. As a modern method for data collection, a Faro Focus3D X 130 HDR terrestrial laser scanning device was used to scan each plot and to extract the dbh and height of the trees. In this regard, two scanning approaches were used -single scan (SS) and multiple scan (MS). In order to compare the two data acquisitions methods, we applied a Strengths, Weaknesses, Opportunities, Threats (SWOT) analysis on the basis of which we could establish the pros and cons of using the two methods. Therefore, one can choose the most advantageous method for obtaining the reference data for forestry, in terms of equipment acquisition cost, personnel skills and qualifications, data collection working time, accuracy of the data recorded, post processing time, labor costs. Although the use of TLS in forest inventory is a technology with high potential, further investigations need to be done, especially in the case of automatic extraction of the tree height. For accurate reference ground data for forest inventory purposes, we still recommend using the conventional methods although they are time consuming.
Introduction
The essential role of the forest ecosystems is to provide resources and ecological services, making them important for biodiversity conservation, soil protection and mitigation of climate change (Trumbore et al. 2015 , Tubiello et al. 2015 , Cabo et al. 2018 .
The assessment of stand characteristics with high accuracy is a key aspect that has implications for the forest management activities, forest fire modeling and carbon stock estimation (Keenan et al. 2015 , MacDicken 2015 , Cabo et al. 2018 . Methods for measuring the structural characteristics of the forest stands have rapidly evolved from the conventional to the modern ones. The conventional methods of measuring the structural characteristics of the forest have the ability to provide direct measurement, but the cost of producing them is rather high. In this regard, getting fast data at minimal cost became a necessity. Thereby one of the highest precision data acquisition devices that could be used in forestry is the terrestrial laser scanner (TLS) (Wang et al. 2017) . Lately, the laser scanning technology was used for different activities such as mapping (Blair et al. 1999 , Asner et al. 2014 , photography (Niska et al. 2010 , Wang et al. 2017 ) and surveying (Boehm et al. 2013) .
Nowadays, TLS represents the most advanced method of determining field information (Zemánek et al. 2017) . Compared with airborne and spaceborne laser scanning systems, the terrestrial laser scanning devices are used more locally in order to capture the details of the objects (Wang et al. 2017) and to collect the spatial information of the forest (Watt & Donoghue 2005) as well as its structural characteristics (Maas et al. 2008 , Lovell et al. 2011 , Pueschel et al. 2013 .
The aim of the study is to present a comparative analysis of two data collection methods that can be used in order to obtain reference ground data in forestry: a conventional method that use specific equipment -caliper and vertex inclinometer and a GIS recording with a field computer (Field Map system) and a modern method based on terrestrial laser scanning technology. The main objective was the analysis of the pros and cons of using the two methods, as a support to choose the most advantageous method to obtain reference data in forestry.
Materials and methods
The research was conducted in six circular Permanent Plots (PP) with an area of 500 m 2 each, within thinning and selected cuttings stands of sessile Sessile oak (Quercus petraea (Matt.) Liebl.), common beech (Fagus sylvatica L.) and Norway spruce (Picea abies L. Karst.), all located in the Southern Carpathians (Mihăești, Mușătești and Vidraru Forest Districts) (figure 1). Each circular plot is part of a Permanent Sample Area (PSA) with a size of 1 ha that were installed in the framework of EO-ROFORMON project (http: //www.eo-roformon.ro).
As conventional method in our study we used the Field Map system (www.fieldmap. cz), a combination of electronical caliper and vertex inclinometer to measure the trees characteristics (dbh, height and spatial position of trees) within each plot. Field Map system is a specialized equipment and software used in forest inventories, which use a laser range finder, an inclinometer, an electronic compass mounted on a monopod and connected to a software (Field Map Data Collector) installed on a rugged tablet computer (Vopěnka & Černý 2006) . The software is used to structure the database characteristics, to record the field measurements and for the geospatial processing. In order to get reference ground data this technology was used in remote sensing studies based both on passive (Bernasconi et al. 2017 , Brovkina et al. 2018 ) and active sensors (Brovkina et al. 2017 , Tockner et al. 2017 .
In each plot and by the use of the Field Map system, we directly assessed the tree position and the species. For a better productivity, dendrometric tree characteristics (dbh, tree height) were measured using a caliper and a Vertex IV inclinometer and the data were imported in Field Map Data Collector software. For further geospatial analysis, the central coordinates of each plot were recorded with a Trimble GeoXH 6000 GNSS receiver equipped with a Zephyr external antenna. The GNSS data were differential post processed using EUREF (European reference frame) stations and used to convert the Field Map measured data from local to global coordinates.
The use of the terrestrial laser scanning technology to extract the dendrometric characteristics of the trees is considered to be a modern method, which could have favorable implications in forestry practice. We used a Faro Focus3D X 130 HDR Terrestrial Laser Scanning device to scan the trees within each plot (figure 2) . This version of the TLS is a phase-shift based scanner, the distance between the scanner and the target being calculated accordingly with the shift in phase of the returned modulations ).
In our study, two scanning approaches were used -a single scan (SS) and multiple scan (MS) (figure 3). In multiple scan approach, the TLS stations were placed in the plot center and according the cardinal directions (north, east, south, and west) at a distance of 15 m from the center of the plot. The most important parameters that can be set up before the scanning operation are the resolution and the quality. Based on literature (Stanley 2013) , the chosen values of theese, considered for the forested areas were: ¼ for resolution and 3x for the quality. Thereby, all the trees near the border of the circular plot were recorded. For co-registration purpose, in each plot there were placed 7 white spheres with a 14 cm diameter, so that from each TLS station should be seen at least four of them. The co-registration of the TLS point clouds was made with the Faro Scene software (http://www.faro.com). Further, the point clouds were post processed with Computree software (http://www.computree. onf.fr), to extract the ground level (the digital terrain model -DTM) of each plot (Othmani et Study area Figure 1 al. 2011), and the dbh and height of its trees. A randomized Hough transformation (Simonse et al. 2003 , Aschoff & Spiecker 2004 ) was applied as an automatic method that allows detection of tree trunks as clusters of points. The tree dbh was estimated by fitting a geometric circle into a trunk slice located at 1.25-1.35 above the ground level. The tree height was calculated as the difference between the lowest point (ground level) and the highest point inside of one cluster.
The TLS estimated dbh, height and positions of the trees within each plot were clipped according to the 500 m 2 plot border. The resulted data were then compared with the Field Map inventory data at the plot level, without making the individual tree identification between the datasets. To eliminate the observations which may induce errors to the final results -e.g. outliers or measurement errors -we used different methods to clean the data. On the Field Map inventory data obtained with the caliper (dbh) and Vertex IV (heights), a statistic approach where all values below the first quantile and above third quantile would be considered outliers could not be applied. This is was choosed because the analyzed stands have higher coefficients of variation of dbh and an associated inverse-J shaped distribution, characteristic to uneven-aged stands or where the selected cuttings are applied. In order to eliminate the outliers in an objective way, we used the ratio between height (m) and dbh (cm). This index is a good indicator of trees mechanic stability; we accepted an interval of 0.6 and 1.7 for eliminating trees with unreal height or dbh as such values of the index were studied before (Grudnicki 2004) for different production classes and species. We also eliminated all the trees having a top break, being dead or having merged stems. For the trees obtained by the TLS method, we eliminated all values above the maximum and below the minimum height and the dbh values which had been assessed in the Field Map inventory.
To compare the two acquisitions methods and its output data, we also applied a Strengths, Weaknesses, Opportunities, Threats ( analysis. Several aspects where considered in this analysis: the equipment acquisition cost, the personnel skills and qualifications, the data collection working time, the type of the data recorded, the post processing time, the accuracy of the data recorded and the labor costs.
Results

Equipment acquisition costs and personnel skills
Regarding the cost, we can say that the conventional method uses much cheaper equipment than the modern method. Lately, the price of a Faro Focus 3D X130HDR that includes a dedicated post processing software (Faro Scene software) is about 48,000 Euros, which is 2.8 times more than the total price of the Field Map system, with caliper and vertex inclinometer. With the technological advance, we are convinced that terrestrial lasers will become more affordable in terms of price and thus would be used as much as possible in forested areas.
In terms of personnel skills and qualifications, the method based on TLS technology has the advantage of a less numerous field team, but the processing of TLS raw data requires a highly skilled staff (Table 1) .
Data collection, working time
The results on the necessary working time for recording the field data indicated that the use of TLS was faster than the classic method (Table 2, Table 3 ). The effective scanning time for a single scan was 7 minutes and 47 seconds. Positioning the spheres in the plot for further
Comparison of measurement and processing activities Table 1 co-registration of the scans during the multiple scan approach could be a time-consuming activity. By contrast, using the traditional method in the young stands, where the number of trees is quite high, the working time can reach 11 hours (Sessile oak stand with forest thinning).
Types of data recorded
The Field Map Data Collector directly measured in the field the tree positions and their crown projections and further recorded in a local coordinate system (figure 4a). The caliper was used to measure the tree dbh and the Vertex inclinometer for tree heights; afterwards all the measurements were transferred to the Field Map Data Collector. One important issue concerning the Field Map use: it provides directly in the field the correlation between dbh and trees heights (figure 4b) and thus offer the possibility to remeasure the trees for which errors seemed likely. In the case of terrestrial laser scanning, are recorded point clouds and images in natural colors (RGB) (figure 5), and those point clouds need to be post-processed at office. Field Map system a) tree crown projections b) correlation between trees dbh -height Post-processing time
The conventional method presents the advantage that the resulted data are in GIS already, measured in local coordinates -simple and easy to use immediately, with minimum or no further office processing method. By contrast, TLS data need to be post-processed in order to get values for the tree dbh and height. The post processing time could be up to 10 hours in the case of young stands, with a higher density of trees (Sessile oak forest stand -thinning) ( Table 4) .
Accuracy of the data recorded
By comparing averages of the dbh for each plot measured both by conventional and TLS methods, in the case of single scan approach we obtained deviations in absolute values, ranging from 0.4 cm (common beech thinning stand -SF4RM) to 6.4 cm (common beech selected cuttings stand -SF10TM). When using a multiple scan approach, the deviations were higher, ranging between 0 cm (spruce selected cuttings stand -SM15TM) and 13.7 cm (SF10TM) ( Table 5 , figure 6 ). Within the stands with high dbh coefficients of variation, the differences between the averages, both dbh and height, of the two populations are high, suggesting a lower accuracy for the TLS trees detection, and for their dbh and height, than in stands with a low variability of dbh. In the case of a coefficient of variation of dbh less than 35-40%, the difference between the average dbh obtained by the two methods (conventional and modern) is relatively low (less than 2 cm in both approaches, single and multiple scans).
The tree height was underestimated when used both the TLS methods (single and multiple approach), with a lower value in the case of the multiple approach. The deviation between the average height of each plot, measured both by conventional and TLS methods, were higher than in the case of dbh, ranging between 4.8 m (sessile oak thinning stand -SG1RM) and 18.5 m (SF4RM), for single scan approach, respectively between 3.2 m (SG1RM) and 11.4 m (sessile oak selected cuttings stand -SG11TM) in the case of the multiple scan approach (Table 5, Figure 7) . The underestimations of the height by the TLS measurement could be related to the treetops, which are sometimes not visible due to occlusions of the other tree crown or because their position, nearby the scanner station. Table 4 Note. Abbreviations: * The code of permanent plot is according to Table 2 .
Labor costs
Labor cost for one of the measured plot was slightly higher when we used the conventional method (approximatively 1.7 times higher than TLS method). Considering all of the above-mentioned aspects, the SWOT analysis is presented in Table 6 .
Discussion
The study intended to compare two acquisitions methods, to obtain reference ground truth data for forestry and to analyze its suitability by applying a SWOT analysis.
Modern technology, such as TLS, is reducing the fieldwork time, but the data provided Accuracy of the recorded data Table 5 Note. Abbreviations: * The code of permanent plot is according to Boxplot of dbh measured in the field (FM) and the TLS estimated -TLSS (single scan), should be processed in order be usable and useful. Referring to the importance of using TLS technology in forestry, Wang et al. 2017 considered the new technology very useful in forest inventory, but the high price of the devices is still a drawback. In this study, the working time required in a multiple scan approach, considering both activities -placing the spheres in the field and scanning -was approximately 60-90 minutes per plot. Bauwens et al. (2016) indicated, for a multiple scan approach and only for positing the spheres within the plot, a required time of 40 minutes. They used in their study the Faro Focus3D 120 device, which is similar to the TLS used by us. In the present study, the estimated working time necessary in the use of conventional method ranged between 4 hours (sessile oak, common beech and Norway spruce selected cuttings stands) and 11 hours (sessile oak, common beech and Norway spruce thinning stands). On the working time and the TLS practical application, Wezyk et al. (2007) pointed that the TLS methods are suitable for small areas, in monitoring and modelling the growth of the trees and stands, while for large sampling areas are not very successful, due to the time consuming for automatic data processing.
A study of Weiß (2009) indicates that the multiple scan approach is superior to single scan one, revealing better results in terms of dbh estimation and trees recognition; still, fully automatic tools are further needed for these approaches to be used for practical forest inventory purposes.
Using the single scan (SS) approach, we obtained, at plot level, a deviation between the mean dbh of the Field Map measurements and the mean dbh estimated by automatic TLS method ranging from -6.4 cm (SG10TM) to 3.7 cm (SG11TM), with an average of -0.5 for all the six measured plots. The results for dbh using the multiple scan (MS) approach were in the interval -13.7 cm (SF10TM) and 6.6 cm (SG11TM), with an average of -1.0 cm. Within the stands with a low coefficient of variation of dbh (less than 35-40%), the difference between the average dbh obtained with the two methods (conventional and modern) is relatively low, being less than 2 cm. Using a phase-shift TLS device (Faro LS 800 HE80) and SS in 3 plots (2 plots with mixed forest tree species and 1 pure beech forest plot) with a radius of 15 m, Maas et al. (2008) obtained a bias between -0.7 and 1.6 cm of dbh. In the beech forest plot, the dbh bias was underestimated with 1.6 cm, while in our study we obtained only an overes- timation of 0.4 cm. Using a Riegl LMS-Z420i TLS device and MS method they obtained for another beech forest plot a dbh bias of 0.9 cm, better with 0.9 cm than the one obtained in our study.
Boxplot of height measured in the field (FM) and the TLS estimated -TLSS (single
Brolly & Kiraly (2009) applied SS in a mixed forest (sessile oak, hornbeam, beech, larch and spruce species), in one plot with a radius of 30 m. The estimation bias for dbh was from -1.6 to 0.5 cm (i.e. the dbh was measured by 3 methods). In other study, Liang & Hyyppä (2013) scanned 5 plots of 10 m radius in a boreal forest with Scots pine, Norway spruce and birch with densities between 605 and 1,210 stems ha -1 ; the reference measurements included trees with at least 5 cm dbh and they reported biases from -0.2 to 0.8 cm for the SS approach, while using a specific MS method the dbh bias was ranging from 0.1 to 0.7 cm. In their work, for SS approach applied in the dominant Norway spruce stand (plot 5) the dbh bias obtained was better with 0.8 cm than the one obtained in our study (SM15TM plot). In the case of MS method, while the dbh bias obtained in their study was 0.6 cm, we obtained no difference between the mean values of the dbh.
In a previous estimations of the tree height based on the TLS, Liang et al. (2016) indicated the difficulty of identifying treetops in dense forested plots. With the SS approach, we obtained, at plot level, a high deviation between the mean height based on Field Map measurements and the mean height estimated by automatic TLS method ranging from 4.8 m (SG1RM) to 18.5m (SF4RM) with an average of 10.9 m for all the six measured plots. Likewise, following the MS approach, the biases were between 3.2 m (SG1RM) and 11.4 m (SG11TM), with an average of -1.0 m. The very high deviations obtained with the both approaches indicate that TLS underestimate the tree height. Still, there are necessary more investigations to get accurate tree height data using this technology. Reliable height measurements based on TLS seems to be possible in sparse forested plots (Fleck et al. 2011 , Huang et al. 2011 . Liang & Hyyppä (2013) obtained a height bias between -1.3 and 2.15 m with the SS approach, and between -0.34 and 2.11 m using the MS method. Olofsson et al. (2014) reported the use of the SS method on 16 plots, with a resulted bias of -0.1 m, while in another study (Huang et al. 2011 ) the bias value was of -0.3 m for heights estimates (a single plot with a density of 212 stems/ha).
(continuation) Table 6 
